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The optical designs of two new types of mass spectrographs were studied. The first is a 
system that possesses a specially shaped magnet output boundary to satisfy the double- 
focusing condition for a wide mass range. The focal plane is usually curved. The second 
system is one in which a parallel ion beam is generated before the magnet, forming a straight 
double-focusing line. By introducing a quadrupole lens doublet such that the ion beam may 
be deflected in the same direction through the electric and magnetic fields, the overall image 
magnification can be arbitrarily controlled and stigmatic focusing achieved for the median 
ray. (J Am Sot Mass Spectrom 1993, 4, 372-386) 
T he areas of application in mass spectrometry have been seen over recent years to be evolving into five categories: (1) high resolution, (2) high 
mass range, (3) high sensitivity, (4) coupling of gas 
chromatographic/liquid chromatographic systems 
with mass spectrometry, and (5) tandem mass spec- 
trometry including collision-activated dissociation/ 
mass spectrometry. In this report we focus on the third 
category: “high sensitivity.” There have been consider- 
able recent developments in liquid chromatographic 
interfaces and array detectors. Now, the order of 
picomoles or femtomoles of the sample may be ionized 
directly from the liquid phase, and the use of non- 
scanning detectors (arrays) has increased detection 
efficiency at least by two orders of magnitude. Thus, it 
is important to design a new mass spectrograph to 
increase the sensitivity and to use these new ion sources 
and detectors more efficiently. “A mass spectrograph” 
is a sector-type mass analyzer without electric or 
magnetic scanning. 
Because constant energy beams are analyzed in nor- 
mal mass spectrometry, we discuss only the system 
where an electrostatic analyzer (ESA) comes first and 
a magnet must follow it {forward arrangement). To 
understand mass spectrometers/graphs systemati- 
cally, it may be helpful to introduce two types of 
classifications: 
1. The direction of deflection of an ESA and a magnet 
that are the same (normal) or inverse. This relates 
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strongly to the number of real focusing points 
between an ESA and a magnet, as indicated by 
Hintenberger and K6nig Ill. Depending on whether 
this number is odd or even, either the normal or the 
inverse combination, respectiveIy, must be adopted 
to satisfy the double-focusing condition. 
2. Whether the ion beams are parallel or nonparallel 
before a magnet has an influence on the shape of 
focal plane. The double-focusing focal line is gener- 
ally “straight” if the ion beams are parallel and 
“curved” if they are nonparallel. 
These relationships are classified into four groups and 
shown in Figure 1 for ease of understanding. The 
purpose of this report is to investigate the following 
two subjects theoretically: 
1. The direction and energy focal line of a standard 
Nier-Johnson-type system [2] with straight mag- 
netic output boundary does not coincide completely 
for wide mass range. By giving special curvature to 
the magnetic output boundary calculated with the 
aid of computer, two focal liis can coincide com- 
pletely in a first-order approximation for wide mass 
range (the F-N-l system in Figure 1). 
2. For a wide mass range spectrograph with a straight 
double-focusing focal plane, the Mattauch-Herzog 
[31 instrument has been the “benchmark.” The 
purpose of this report is to design mass spec- 
trographs with characteristics superior to the 
Mattauch-Herzog system (the P-N-1 system in 
Figure 1). 
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Figure 1. Classification of mass spectrographs. 
Ion Optical Calculation by the 
Matrix Method 
There are two methods of ion trajectory calculation: (1) 
the transfer matrix method using a computer code, for 
example, TRIO [4], in which an arbitrary ion is defined 
by its ion optical position vector P( x, (Y, y, 6, y, fi ) and 
the field elements (electric and magnetic sectors) are 
expressed by transfer matrices. Thk method is only 
applicable for a narrow beam originating near the optic 
axis. For wide mass range application, this treatment 
needs to be modified. (2) The ray-trace analysis, 
for example, RAYTRACE [5], uses numerical expres- 
sions for the field elements derived from solutions to 
Maxwell’s equation-the ion trajectory can then be 
determined by finding the solution to the path equa- 
tion. In this method there are no restrictions to the 
beam characteristics, such as parallaxial approxima- 
tions. Relating to the field calculation accuracies and 
computing time, the first method is preferred to the 
second. We have used the ray-trace method to approx- 
imate the ion optical characteristics of the new system 
designs and the matrix method for more precise, de- 
tailed calculations. 
The coordinate system (x, y, z) is defined with the 
origin on the optical axis, as shown in Figure 2. In 
principle, the ion trajectories in electric and magnetic 
fields can be specified in terms of an ion optical posi- 
tion vector p(x, (Y, y, 8, y, p>, where x and y are the 
coordinates of the ion, a and p are the horizontal and 
vertical divergence angles, and y and 6 are the rela- 
tive mass and energy deviations, respectively. The ion 
optical position vector for any arbitrary position is a 
function of the initial vector PJr,, aO, y, 6, yO, &J In 
practice, exact analytical solutions can only be obtained 
in certain special circumstances, and power series ex- 
pansions are the normal way to express results: 
x = F,x, + F,cx, + Fyr + F,6 + F,,x,z + Fxxarouo 
(lst-order terms) (2nd-order terms) 
+ .” -I- FXIX$ + FrraX& + **. (la) 
Ord-order terms) 
+ .t. +F;,,x; + F;,, x;a, + ... (lb) 
Y = FYyo + F,& + F,,Yox, + F,,YG-, + ... W) 
(lst-order terms) @nd-order terms) 
P = F;YO + F;P, + F;,Y,x, + ~;,YcP, + ... (ld) 
where Flj are the “transfer coefficients” of the field 
under consideration and can be calculated numerically 
by using the TRIO program 141, for example. Equation 
la-ld can be expressed as a 4 X 4 matrix [Fl for the 
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Figure 2. Definition of the coordinate system and the elements of ion optical position vectors 
first-order horizontal approximation, 
(2a) 
and a 2 x 2 matrix in the vertical direction, 
Pb) 
This is the “transfer matrix,” which is used to express 
the characteristics of a field and is also useful in the 
case where several fields are combined. The ion optical 
character of a mass spectrometer/spectrograph can be 
condensed into an overall transfer matrix [i-l, which 
can be obtained as the product of individual transfer 
matrices. 
Expression of the Overall Transfw Matrix 
Usually, the overall transfer matrix is created by multi- 
plying the element matrices, starting at the origin. 
Here, we propose to parenthesize each transfer matrix 
into three groups-[ A], I Bl, and [Cl, along with [Tl, 
as shown in Figure 3. The matrices [Cl, [ 81, [ Al, [Tl, 
:rnc neta 
Magnetic field \ \ V\ \g\ 
I Detector plane 
Figure 3. Definitiun of the transfer matrices. 
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and [Ml are defined as 
[Cl = [~~l~L,1[~,l~El[~,l 
[B] = [FMo][MM] 
[Al = [BI[Cl (3) 
[Tl = Ll[Al 
[M] = [FMO][MM][FMI] = [B][FMT] 
where matrices [ FMI], [ MM], and [ FM01 are the 
entrance friiging field, main field, and exit fringing 
field of a magnet, respectively, and matrix [El the 
electric field parts, including the fringing fields: 
[Tl = [L,I~~ltCl=[Ll[Al (4a) 
I 0 1 L, 0 100 0 10 0 1I 
c, cm c, 
x CL C& c; 
0 1 Fl 0 0 
1 
=o I 
L, 0 0 
10 0 
0 0 1 0 
0 0 0 1 I 
(4b) 
4 A, A, A, 
AlI AIR A; Ah 
(&I 
0 0 1 0 
0 0 0 1 
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Figure 4. Direction of the I and z coordinates. The direction of 
the y coordinate is always perpendicular to the x--z plane. The 
positive direction of the Y coordiite is changed by multiplying 
the “SENSE” matrix. 
Double-Focusing Condition and Magnet 
Exit Boundary 
Fomation of an Intermediate Image (CL f 0) 
The distances between the magnet exit boundary and 
the direction focusing point ( L4J and the energy focus- 
ing point (L4d) can be expressed by the elements of the 
transfer matrix [A] from eq 4d as follows: 
L,, = -A,/A; (64 
L,, = -As/A; (6”) 
A, + L,A: A, + L,A6, A, + L,A; A, + L,A;I 
Double focusing is achieved when L,, = L,,, namely, 
A’ 
0’ 
0 
A’ 
OU 
0 
A’ 
lY 
0 
A\ A-A’, -A,A’, = 0 (7) 
0 
1 By introducing the relevant elements of the [ B] and 
(ad) 
[Cl matrices into eq 7, we obtain the following 
double-focusing condition: 
“SENSE” Matrix 
There are two ways of combining several fields in a 
series, namely, the case in which the ion deflections are 
in the same direction (normal combination) and that 
in which the ion deflections are in opposite direc- 
tions (inverse combination). In the latter case, we may 
introduce the transfer matrix SENSE in the horizontal 
direction, which alters the direction of the beam, as 
illustrated in Figure 4. By inserting the SENSE matrix 
before and aftek the [ E] matrix as [ S][ E I[ Sl and treat- 
ing this as the [E] matrix, the coordinate direction can 
be kept constant, unrelated to the normal or inverse 
combination. The elements of the [ S I matrix in the 
horizontal direction are 
ISI = 
-1 0 0 0 
0 -1 0 0 
0 0 1 0 (5) 
0 0 0 1 
This double-focusing condition can be also expressed 
by the more familiar formula using the [ E] and [Ml 
matrix elements of eq 3 as follows: 
E, + L,E;, = L,(M,M; - M,M;) 
+(M,M; - M,M:,) (9) 
Now we are able to determine the exit boundary line 
for the magnetic field by following the method 
described by Mattauch and Herzog 131. Two new 
parameters Cd and 0) need to be defined (Figure 51, 
and their simple relationship to #J,,, and Y,,, is expressed 
as follows: 
0 = L/2 
d = 2r,sinB 
Wa> 
(lob) 
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where 4, is the deflection angle, and r, is the radius to homogeneous fields for simplicity. Then, the first- 
of the main optic axis. We have restricted our studies order elements of matrix [ Bl are expressed as 
Bx B, B, B, 
3; B& B; B; 
0 0 1 0 
0 0 0 1 
1 0 0 0 cost &II 1 r, sin(&) v,[l - WhJl/2 ~,I1 - co5f4h>l/2 
tan( cn)/rm 1 0 0 II x - sin(&)/r, cos(&n) s%Al)/2 s~(4,)/2 = 
0 0 1 0 0 
I 0 OOlII 0 
0 1 0 
0 0 1 I 
(11) 
where B, = cos(&,,); B, = Y,,, sin(&,,>; B, = Bb = 
r,[l - cos(&)]/2; B: = tams”) cos(&)/r, - sin 
(&I/r,; B& = tan(s”)sin(4,) + c&&I; B; = 
Bi = tan(E”)[l - COS(&,)]/~ + Shdd+,,))/2. BY intro- 
ducing eq 10a and b into eq 11, we obtain 
B,B;-B,B:=sinOcosB Pa) 
B,B:, - B, Bh = r,,,[l - cos c&]/2 = d(sin 0)/2 
(12b) 
By introducing eq 12a and b into eq 8, we obtain an 
equation that expresses the required boundary line: 
d = -2[c,c;/c:, - C,]/sin e - 2(c,/c;) cm 0 
(13) 
Note that the influence of oblique incidence into the 
magnetic field is taken into account in matrix [Cl, 
and the oblique exit angle F” has no influence on the 
focusing condition. 
Figure 5. Coordinate systems for pole boundary. 
Parallel Ion Beam Before the Magnetic Field 
cc:, = 0) 
We now consider the cases where the ion beam is 
parallel between the electric and magnetic fields (i.e., 
the source slit is located at the focusing point of [E] 
such that the transfer coefficient CL = 0). The double- 
focusing condition is therefore simplified as follows: 
This condition can be also expressed in a more familiar 
form as 
E; = -(M,M; - MaM;) (15) 
This expression is independent of I, and &, and 
therefore the image formation curve is the same for all 
masses. Thus, the required boundary line at the exit 
from the magnetic field is a straight line, 
0 = +,/2 (16) 
and the exit angle from the magnet (~“1 is given by 
E” = +,/2 - ?r/2 (17) 
and the change in deflection of the ion beam is 
taken into account by sandwiching matrix [E] with 
the SENSE matrix [SJ. The double-focusing point is 
located at the position L, = -A-/A’, = -AJAb. 
Designs for Mass Spectrographs 
Systems Where an Intermediate image Is Formed 
Before a Magnet 
This design is the standard style of a sector-type 
double-focusing mass spectrometer of Nier-Johnson 
geometry. The direction and energy focal planes gener- 
ally coincide only at one point; however by shaping 
the exit boundary of a magnet, as shown in eq 13, 
two focal planes coincide completely for wide mass 
range in the first-order approximation. Using com- 
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puter graphics facilities, it is possible to represent the 
magnetic field boundary (from eq 13) and the focal 
plane (from eq 6a and b) pictorially. As an example, 
the focal plane of the original [2] and modified 
Nier-Johnson geometries are shown in Figure 6a, b, 
and the ion optical characteristics are presented in the 
first two lines of Tables l-3. From Figure 6, we can 
easily see the improvements in the focal planes for the 
wide mass range. It should be emphasized that 
any double-focusing mass spectrometer can become a 
wide-mass-range mass spectrograph simply by chang- 
ing the shape of the exit boundary of the magnet. The 
principal disadvantage with this simplified approach is 
that the focal plane is usually curved. It is anticipated 
that with recent developments in array detectors, 
curved simultaneous detectors will soon become prac- 
ticable, thus increasing the usefulness of the modified 
mass spectrometer/ spectrograph instrument. 
Systems Where an Intermediate Image Is Formed at 
the Entrance Boundary of a Magnet 
If an intermediate image is formed at the entrance 
boundary of a magnet that is a straight line, as deter- 
mined by eqs 16 and 17, the direction focal plane 
becomes straight, and I,,, is simply 
k, = r, sir44,) (18) 
This system will be useful as a single-focusing mass 
spectrograph. The merit of this system is that it has a 
longer distance between the magnet boundary and the 
focal plane than the system in which ion beams are 
parallel before a magnet. The relationship between this 
distance L, and the deflection angle &, is shown later 
in Figure 9 (curve e). 
Inverse System Where the ion Beam Is Parallel 
Before the Magnet 
The original Mattauch-Herzog geometry instruments 
[3] are prime examples of wide-range mass spectro- 
graphs, but they have some disadvantages: 
1. The deflection angle of the electric sector (A> is 
unique for a given magnet and a given radius of an 
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Figure 6. Focal planes and magnet boundary of mass specho- 
graphs: (a) original Nier-Johnson; (b) modified Nier-Johnson. 
Numbers shown along focal line are the radii of five different 
ions. 
electric sector ( re) such that it is not possible to 
control image magnification. 
2. Larger second-order image aberrations arise, espe- 
cially in the vertical direction, except for the case of 
c$, = 90” with E’ = 0. 
Table 1. Ion optical parameters of NiervJoiuwon- and Mattauch-Herzog-type mass spectrometers” 
No. re A R,, Rze rrn 4, E’ E” Rlln 2m R Ll L2 L3 L.3 L5 L.3 
1 1.238 90.0 0.00 0.00 1.000 60.0 0.0 0.0 0.00 0.00 0.4380 0.4380 2.3092 1.3473 0 0 
2 1.238 90.0 0.00 0.00 1.000 59.8 0.0 -51.3 -4.80 6.23 0.4380 0.4380 2.3176 0.4972 0 0 
3 1.000 34.5 0.00 0.00 1.500 60.0 22.0 -60.0 -5.00 0.00 0.6600 0 0 0.5920 0 1 .oooo 
4 1.000 42.8 0.00 0.00 1.200 75.0 20.4 -52.5 -3.00 0.00 0.4251 0 0 0.4397 0 1 .oooo 
5 1.000 31.5 0.00 0.00 1.000 90.0 0.0 -45.0 0.00 0.00 0.7702 0 0 o.oooo 0 1 .oooo 
6 1.000 90.0 0.00 0.00 1.200 75.0 20.4 -52.5 -3.00 0.00 0.8000 0.0610 0.1390 0.4397 0.7153 1.0000 
sParameters are defined in Figure 7. For Nos. 1 and 2, lengths L,,, L,, L,,. and L, are set at zero; for Nos. 3-5, lengths L,. L,. L,,. L,, 
and Lqz are set at zero; for No. 6. the length and field strength of two quadrupole lenses are L,,-LLq2=0.25 and Q,t = 
10.5551 and Qk2= 2.1721, respectively. The direction of deflection of an ESA and a magnet is normal for Nos. 1 and 2 and inverse for NOS. 
3-6. 
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Table 2. First- and second-order overall transfer matrix elements for Nier-Johmson- and Mattauch-Herzog-type 
lnass spectrometers 
NO. T, 7, T, T, G Ts T 00 T as r,, T YY T Y& r,, 
1 0.667 0.000 0.833 0.000 1.088 8.008 0.084 0.023 0.290 -0.859 -9.919 -28.842 
2 0.247 0.000 0.308 0.000 1.750 11.258 0.195 0.623 - 0.770 0.216 0.956 -0.974 
3 -0.712 0.000 0.374 0.000 0.911 5.433 1.744 -0.622 0.947 0.398 0.507 - 0.994 
4 -0.855 0.000 0.444 0.000 0.711 4.386 0.619 1.398 - 0.277 0.438 0.468 -2.378 
5 -0.946 0.000 0.500 0.000 0.037 3.974 1.180 2.863 -0.616 0.000 - 0.024 -0.054 
6 -0.349 0.000 0.444 0.000 685 1819 -0.030 -3.503 -2.202 a a a 
‘Large numbers 
3. Vertical ( y directional) focusing is not satisfied in 
the case of the original Mattauch-Herzog design 
consisting of a cylindricai ESA and a homogeneous 
magnet. It should be noted that the improved 
Mattauch-Herzog system with a spherical ESA 
satisfied the vertical focusing [6]. 
Ion optical details of the Mattauch-Herzog geometry 
with three different deflection angles #J,,, are presented 
in Tables l-3 (third to fifth lines). To overcome such 
restrictions, an electrostatic quadrupole lens may 
be introduced to satisfy the doible-focusing condition 
with another value of A. Some examples of this are 
given in ref 7. 
Alternatively, it is also possible to design systems 
with two quadrupole lenses to form two real images 
between the ESA and the magnet that satisfy the 
criterion of double focusing for any arbitrary +=. An 
example of this is presented in Table 1 (sixth line) and 
illustrated in Figure 1 (P-I-2). The first-order character- 
istics in the principal (horizontal) focusing direc- 
tion are exactly the same as the system discussed later 
(4, = 75” system) because the same ESA and magnet 
are used; however, the ion optical character in the 
vertical direction and the higher order aberrations dif- 
fer considerably. This system is not yet suitable for 
practical use. 
Normal System Where the lon Beam Is Parallel 
Before the Magnet 
Equation 14 is valid for both inverse and normal 
combinations of electric and magnetic sectors. In this 
section, we discuss normal-configuration mass spec- 
trographs. If the source slit is placed at the focus point 
of the ESA part containing the electric quadrupole in a 
normal configuration, then the ion beam will be paral- 
lel on exiting that sector, but the double-focusing 
condition cannot be satisfied because no intermediate 
image is formed. At least one real intermediate image 
(including those within the fields) must be formed 
between the focusing elements (see the P-N-1 system 
in Figure 1). Three methods for making the ion beam 
parallel before the magnet after producing a real image 
in or after the ESA have previously been proposed: 
1. to form an image within the ESA with a parallel 
beam after the electric field [8]; 
2. to use two electrostatic analyzers with an image 
formed between the two electric sectors [9]; and 
3. to use an electrostatic quadrupole lens. The exit 
focal point of the ESA coincides with the focal point 
of the quadrupole such that the ion beam is parallel 
after quadrupole element [ 101. 
The principal disadvantage of these methods is the 
lack of consideration given to vertical focusing-this 
is fundamental if high transmission (sensitivity) is 
required. We propose the introduction of a quadrupole 
doublet that will have the advantage of vertical focus- 
ing as well as making the ion beam parallel before the 
magnet. We could then stipulate the following require- 
ments for the new mass spectrographs: 
1. high mass resolution-smaller image magnification 
and corrected second- and third-order aberrations; 
2. introduction of a slit at the image point of the ESA 
to limit the energetically dispersing beam; 
Table 3. Third-order matrix elements for Nier-Johnson- and Mattauch-Herzog-type mass spectrometers 
No. Lm T,,, T US6 Tsss T =“” T nYD T UPP T SYY Tw %P 
1 - 1.489 - 2.789 11.141 0.014 - 0.401 - 8.436 - 32.894 0.645 3.757 -2.121 
2 120.225 - 393.533 431.810 -154.120 4.984 92.843 366.234 - 6.441 - 108.638 -413.396 
3 - 14.875 30.018 -36.164 6.932 - 0.458 - 10.929 - 44.407 - 3.262 -6.611 25.023 
4 - 9.385 14.436 - 19.848 8.058 ~ 2.425 - 17.535 -35.154 - 0.376 2.861 21.628 
5 - 29.076 3.909 - 0.998 1.329 - 0.529 - 2.479 - 5.841 0.560 2.123 3.154 
6 -44.169 a a ~ 35 1.796 -806.378 -579.479 a a a a 
aLarge numbers. 
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3. a degree of vertical focusing for high sensitivity; 
and 
4. straight focal plane apart from the magnet bound- 
ary for a wide mass range. 
A block diagram of the system investigated and 
its parameters are shown in Figure 7. By using the 
quadrupole doublet, double focusing for all masses 
and stigmatic focusing for certain masses can be ful- 
filled for almost any type of electric and magnetic field 
to a first-order approximation. Because the ion beam is 
“parallel” between the electric and magnetic fields, the 
sector characters may be considered independently. 
First-Order Parumeters of the Magnet. Five parameters 
define the first-order character of a magnetic field: r, 
is the radius of the main optic axis, 4, the deflection 
angle, n, the field constant, E’ the incident angle, and 
E” the exit angle. In this report, only homogeneous 
magnets are considered (n, = 0). The first important 
consideration is that of mass resolution, which is 
defined as T,/T,, where T, and T, are the mass 
dispersion and image magnification, respectively. It 
should be noted that by increasing the deflection angle 
&I? and/or the radius of the main optic axis r,, the 
image magnification T, and mass dispersion coeffi- 
cients T, are increased proportionally; however, the 
factor T,/T,, which is proportional to the theoretical 
mass resolution, remains unchanged if the same elec- 
tric field is used. If a channel plate is used as a 
position-sensitive detector, then the overall spatial res- 
olution is approximately 50 pm, so the image on the 
focal plane needs to be of the order of several hundred 
micrometers to maintain mass accuracy. 
The second important point is that of mass range, 
which is directly related to the radius of the ion trajec- 
tory in the magnet rm. lf the effective size of the 
magnet yoke is fixed, the product (I,. 4,) is nearly 
determined, and it must be decided which parameter 
has priority within a study. Here, we consider four 
case5 (4, = 45”, r, = 2.0; 4, = 60”, T,.,, = 1.5; 4, = 
75”, I, = 1.2; c$, = 90”, r, = 1.0) as typical examples, 
although any arbitrary value of 4, can be used. 
When a photographic plate was used as the detec- 
tor, the system with L,, = 0 was preferred because the 
plates were free from major influences caused by the 
magnetic fringing field. When electronic (channel plate) 
detectors are used, it is advisable to locate them as far 
away from the magnet boundary as possible because 
the gain of a channel plate decreases, owing to the 
influence of the magnetic field. This brings us to 
the third important factor, the angle of separation wf 
between the detector and the exit boundary of the 
magnet. The relationship between the angle of separa- 
tion wf and the deflection angle &,, choosing the 
angle of incidence into the magnet E’ as a parameter, 
is shown in Figure 8. Another way to express the 
degree of separation of a focal plane, which is the 
distance between a focus point and the magnet bound- 
ary L,, is shown in Figure 9. It should be noted that We 
Figure 7. Definition of geometric parameters of a mass spectrograph. 
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0, 
15" 
10" 
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40" 60" 60" 100" @ 
m 
Figure 8. Relationship of the separation angle q and magnetic 
deflection angle & for various E’: 0” (a), 15” tb), 30” Cc), 45” Cd). 
is maximized for all deflection angles at a fixed value 
of E’. 
Fourth, the angle of incidence of the ion beam on 
the focal plane wi is also of concern when using 
channel plates. The relationship between this parame- 
L4 
1.0 
0.5 4 
0.0 I II 1 I I I I I I I I 
40" 60" 80" 100" CD, 
Figure 9. Relationship of focusing distance L, and mqp&ic 
deflection angle &, for various 8’: 0” (a), 15” (b), 30” Cc), 45” (d); 
(P) a system where the intermediate focusing is achieved at the 
magnetic entrance, where r, = 1.2. 
ter and the deflection angle +,, and incidence angle of 
the magnet E’ is illustrated in Figure 10. With regard 
to E”, the same relationship as shown in eq 17 should 
be satisfied because the ion beams are parallel before 
the magnet. 
Second-Order Parameters of the Magnet. The radius of 
curvature R,, of the magnet field boundary has con- 
siderable influence on second-order image aberrations, 
as shown in Figure lla and is also a function of the 
deflection 4, and incidence angles of the magnet E’. 
The theoretical mass resolution under certain source 
slit conditions can be simulated by TRIO and is shown 
in Figure llb. Such a graph is often helpful to evaluate 
any newly designed ion optical system. From the man- 
ufacturing viewpoint, the upper and lower limits of 
R are limited, so we must obtain the optimum 
cdfldition for the incidence angle a’ under a given R,, 
from Figure 12. The graphs in Figure 12 remain nearly 
the same even if the ESA is changed and are thus very 
useful for designing a mass spectrograph consisting of 
a homogeneous magnet and any type of ESA and 
quadrupole doublet. 
First- and Second-Order Parameters of the ESA. The 
electric field is limited to a cylindrical electric sector 
and quadrupole lenses. The field strengths of the 
quadrupoles are determined by TRIO-FIT with a fit- 
ting routine [ll] to satisfy the condition of C& = 0 (the 
condition that ion beams are parallel before a magnet) 
oi 
50” 
40" 
30" 
20" 
10" 
40" 60" 80" 100" 
@m 
Figure 10. Relationship of the incident angle q and the mag- 
netic deflection angle & for various E’: 0” (n), 15” cb), 30” cc), 
45” Cd). 
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Figure 11. Influence of R,, on the second-order image aberra- 
tion coefficients: (a) second-order aberration coefficients; (b) cal- 
culated mass resolution, where x0 = 0.0001; 01~ = 0.002; 6 = 
0.002; ya = 0.001; p0 = 0.002. 
and 4 = 0 (the vertical focusing condition). The radius 
of the ESA r,, the angle of deflection A, and the first 
drift length L, are selected as parameters, thus affect- 
ing the image magnification TX, as shown in Figure 13. 
The mass dispersion T, remains the same if the same 
magnetic field is used; thus, the factor T,/T, is depen- 
dent solely on the ESA. The second-order parameters 
R,, and RPe are determined so as to minimize the 
second-order aberration coefficients. 
Thirteen Examples of Mass Spectrographs 
In this section, we present 13 examples of wide-mass- 
range (decade detection) mass spectrographs that are a 
combination of +e = 60”, 75”, and YO” and #J, = 45”, 
60”, 75”, and 90”. The overall transfer matrix elements 
for other radii of ions with different masses are then 
determined using these criteria. Because the focal plane 
detector is planned to be attached, the maximum reso- 
lution of an instrument is therefore limited by the 
resolution of the focal plane detector. Then the second 
and third aberration eliminations are not critical. Thus, 
elaborate parameter combinations are not necessary, 
and we can limit ourselves to the consideration of 12 
combinations of & = 60”, 75”, and 90” and 4, = 45”, 
60”, 75”, and 90” as typical examples. The results are 
presented in Table 4 (parameters) and Tables 5 and 6 
- 4ooL 
45” 60” 75” 90” 
Figure 12. Relationship of 8’ and &, that gives the best 
second-order focusing condition for a given R,, value. 
T, 
o’7- 
0.6 . 
0.2 _1 
0.6 0.8 1 .o In2 L, 
Figure 13. Relationship of overall image magnification TX and 
the first drift length L, for a given tie,: 60” (a), 75” (b), 90” (~1. 
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Table 4. Ion optical parameters of newly pmposed mass spectrographsa 
No. ‘e +e RI, Rz, r, 4, E’ E” R 4, 4 IIll L2 13 L4 Qkl Qk2 
1 1.00 60.00 0.00 5.00 2.00 45.00 -17.80 -67.50 -6.00 0.00 1.140 0.560 1.253 0.440 -2.062 1.937 
2 1.00 75.00 0.00 5.00 2.00 45.00 -17.80 -67.50 -6.00 0.00 0.908 0.298 1.222 0.440 -2.084 1.949 
3 1.00 90.00 0.00 5.00 2.00 45.00 -17.80 -67.50 -6.00 0.00 0.900 0.061 1.203 0.440 -2.093 1.954 
4 1.00 60.00 0.00 5.00 1.50 60.00 5.80 -60.00 -5.00 0.00 1.140 0.560 0.652 0473 -2.130 2.079 
5 1 .OO 75.00 0.00 5.00 1.50 60.00 5.80 -60.00 -5.00 0.00 0.908 0.298 0.632 0.473 -2.157 2.092 
6 1.00 90.00 0.00 5.00 1.50 60.00 5.80 -60.00 -5.00 0.00 0.800 0.061 0.619 0.473 -2.168 2.098 
7 1 .OO 60.00 0.00 5.00 1.20 75.00 20.40 -52.50 -3.00 0.00 1.140 0.560 0.350 0.440 -2.169 2.208 
8 1 .oo 75.00 0.00 5.00 1.20 75.00 20.40 -52.50 -3.00 0.00 0.908 0.298 0.335 0.440 -2.200 2.221 
9 1.00 90.00 0.00 5.00 1.20 75.00 20.40 -52.50 -3.00 0.00 0.800 0.061 0.326 0.440 -2.213 2.228 
10 1 .OO 60.00 0.00 5.00 1 .OO 90.00 28.00 -45.M) -2.00 0.00 1.140 0.560 0.194 0.346 -2.182 2.311 
11 1.0O 75.00 0.00 5.00 1.00 9o.M) 28.00 -45.00 -2.00 0.00 0.908 0.298 0.182 0.346 -2.216 2.324 
12 1 .oo 90.00 0.00 5.00 1.00 90.00 28.00 -45.00 -2.00 0.00 0.800 0.061 0.175 0.346 -2.230 2.331 
13 I.00 90.00 0.00 5.00 1.00 90.00 0.00 - 45.00 0.00 0.00 0.800 0.061 0.518 0.000 -2.214 2.141 
‘Parameters are defined in Figure 7: the length af the two quadrupoles are L,, and L,, = 0.25. 
Table 5. First- and second-order overall transfer matrix elements and theoretical mash resolution under the source slit condition of 
Xn = 0.0001, a” = 0.002, s = 0.002, Hn = 0.001, a, = 0.002 
No. T, 7, T, T* T” G T mc T o.8 788 7 YY T VB G, Resolution 
1 0.229 0.000 0.291 0.000 -2.311 0.005 -0.450 1.400 -0.010 -1.597 -1.053 -0.915 7189 
2 0.229 0.000 0.291 0.000 ~ 2.482 - 0.009 - 1.267 1.341 0.035 - 1.569 -0.160 -0.034 7501 
3 0.229 0.000 0.291 0.000 - 2.550 0.003 - 1.545 0.921 0.103 - 1.448 0.725 0.874 7641 
4 0.294 0.000 0.374 0.000 - 2.394 0.001 1.280 0.388 0.159 - 1.598 -2.368 - 1.454 8104 
5 0.294 0.000 0.374 0.000 - 2.590 0.002 0.227 0.411 0.176 -1.491 - 1.223 - 0.308 9115 
6 0.294 0.000 0.374 0.000 - 2.672 0.010 -0.100 0.145 0.174 - 1.306 -0.096 0.670 9622 
7 0.349 0.000 0.444 0.000 - 2.082 0.000 1.586 0.621 0.090 - 1.733 -3.291 - 1.747 8461 
8 0.349 0.000 0.444 0.000 - 2.266 -0.001 0.348 0.650 0.107 - 1.579 -1.916 -0.397 9668 
9 0.349 0.000 0.444 0.000 ~ 2.344 0.000 - 0.054 0.368 0.113 - 1.350 -0.595 0.999 10467 
10 0.392 0.000 0.499 0.000 - 1.605 0.004 1.125 1.454 -0.104 - 1.741 -4.009 - 1.620 8342 
11 0.392 0.000 0.499 0.000 ~ 1.754 0.000 -0.263 1.471 -0.077 - 1.527 - 2.493 -0.168 9347 
12 0.392 0.000 0.499 0.000 -1.817 0.001 -0.712 1.048 -0.017 - 1.250 -1.014 1.379 9969 
13 0.393 0.001 0.500 0.000 - 1.693 -0.003 -1.539 0.354 0.837 -0.381 - 0.807 -0.194 9846 
Table 6. Thirdorder matrix elements for the newly proposed mass spectrographs 
No. T,um T au* T am r,,6 T ir”Y T UVB T *BP 
1 725.699 -1641.457 1224.419 -301.384 94.753 130.703 -12.188 -24.071 12.596 21.431 3.044 -2.162 
2 750.760 - 1626.986 1167.892 -279.869 89.064 96.972 - 17.267 -16.136 41.448 24.580 3.043 -2.102 
3 763.848 - 1452.566 922.174 ~ 198.037 76.640 58.240 - 23.019 ~ 0.773 79.262 27.467 3.042 - 1.860 
4 173.325 ~ 460.580 410.498 ~ 118.678 58.943 91.507 36.677 - 11.323 18.901 1.625 2.265 - 1.739 
5 185.866 -469.816 396.164 -1 12.147 53.869 62.610 22.569 -4.495 43.970 10.477 2.265 - 7.696 
6 192.929 -427.457 322.200 -84.364 43.717 29.427 10.248 6.955 74.851 21.648 2.264 - 1.515 
7 43.870 -153.014 178.260 ~ 62.908 42.565 79.842 62.483 -2.727 29.599 - 5.304 1.720 - 1.342 
8 52.465 - 167.253 173.900 ~ 60.31 1 36.980 52.586 44.382 4.023 53.008 5.650 1.720 -1.310 
9 58.723 -157.138 145.281 -48.289 27.264 21.821 30.699 13.944 81.856 20.155 1.719 -1.172 
10 2.838 - 58.374 106.688 -46.283 34.813 79.110 96.695 - 1.726 35.387 - 7.823 1.287 - 0.957 
11 11.615 - 75.305 104.878 -44.601 30.015 52.784 72.364 3.526 55.998 5.274 1.287 - 0.935 
12 19.132 - 75.394 89.362 - 37.272 21.827 25.036 56.429 11 ,678 81.769 23.393 1.286 - 0.832 
13 70.228 - 225.024 215.870 -71.523 13.649 51.625 48.518 1.195 7.479 10.334 0.955 - 0.578 
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Figurn 14. I~,-, optical block diagram and focal plane of four mass spectrographs: (a) ye = 1.0, 
& = 9O”, r, = 2.0, &,, = 45”; (b) re = 1.0, 4e = 90”, I, = 1.5, 4, = 60”; (C) r, = 1.0, ++_ = 90”, 
rm = 1.2, 9, = 75”; (d) r? = 1.0, $J~ = 90”, r,,, = 1.0, $& = 90”. 
(overall transfer matrix elements). The ion optical block 
diagram of four groups are shown in Figure 14. To 
estimate the actual focusing characteristics of each 
system, the theoretical mass resolutions for given ion 
source conditions are given in Table 5 and illustrated 
in Figure 15. Of the 13 cases, the three important cases 
are now discussed separately. The particular radius in 
a magnet shown in Table 1 was first selected in the 
process of calculation, and the overall geometry was 
fixed. Then ion optical characters with different radii 
were calculated under this configuration. 
c& = 75” System. We defined the lowest and highest 
masses to be detected under a constant magnetic field 
as O.l6m, and l.l4m,, respectively, and the overall 
transfer matrix elements and theoretical mass resolu- 
tions are given in Tables 4-6 (seventh, eighth, and 
ninth lines). The TRIO output (& = 90”, 4, = 75”) is 
shown in Figure 16. Ion trajectories through this sys- 
tem can be drawn by the newly developed ray-tracing 
program ELECTRA [12] and is shown in Figure 17. 
Focusing situations (direction, energy, and double fo- 
cusing) on the focal plane area can be clearly under- 
stood from Figure 17. The beam envelope in the verti- 
cal direction is illustrated in Figure 18 in which the 
vertical focusing character can be seen. The linearity of 
the focal plane can be estimated in two ways: (1) The 
focal line is assumed to be a straight line ( y = px + q), 
14000 
12000 
6000 
a 
I I 
45” 60” 75” 90” 
Figure 15. Simulated theoretical mass resolution as the function 
of the magnetic deflection angle &,,, where x0 = 0.0001; a0 = 
0.002; 6 = 0.002; y0 = 0.001; PO = 0.002: (a) rp = 1.0, & = 60”, 
L, = 1.14; (b) re = 1.0, & = 75’, L, = 0.908; (c) re = 1.0, 4e = 90*, 
L, = 0.80. 
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Figure 16. Output of TRIO for system No. 9 in Tables 4-6: X, A, C, D, XX, XA, , represent the 
overall tranSf~er matrix elements T,, T,, T,, T,, T,,, T,,, r, respectively. 
and the coefficients p and q can be derived by least- aberrations increase greatly with a smaller magnetic 
square fitting with standard deviations; (2) the focal deflection angle, the theoretical mass resolution 
line is polynomially fitted, and the second-order coef- decreases as shown in Figure 15. By introducing an 
ficient is calculated from a fitting routine. The results octapole lens, third-order aberrations can be elimi- 
of these numbers are given in Table 7. The simulated nated considerably at a certain mass range. 
mass resolution for a wide mass range (P, = CI.~Y,, 
0.6r,, 0.8r,, NY,, 1.2ra) are represented graphically in 
Figure 19. In terms of both high mass range and high 
mass resolution, this is the highest performing config- 
uration. The decrease in mass resolution at lower mass 
range due to larger aberrations is a problem that has 
yet to be solved. 
#, = 90” System. The original Mattauch-Herzog 
geometry used a 90” magnetic sector, and with E’ = 
0, the focal plane coincided with the magnetic field 
boundary. This characteristic was ideal for photo 
graphic plate detection because this arrangement is 
free from the fringing field influences. Ion optical cal- 
culations were done without the magnetic fringing 
field for both the original and new systems with E ’ = 0 
[Tables l-3 (fifth line) Tables 4-6 (thirteenth line>]. 
Even in situations where the focal plane is required to 
coincide with the magnetic boundary, there are consid- 
I&, = 45” System. If heavier ions are required to be 
analyzed, a larger magnetic radius is needed; but to 
keep the size of the magnet sensible, a smaller deflec- 
tion angle must be used. Because third-order image 
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Figure 17. Ion trajectories of ions of different mass (O.Mm,, 
0.36~ 0.644m,, WI,,, 1.14m,) and (a) angle, (b) energy, and (c) 
angle and energy, respectively. A mass spectrograph consists of 
an electrostatic analyzer (re = 1.0, I& = YO”), two electric 
quadrupole lenses, and a homogeneous magnet (I, = 1.2, +,,, = 
75”). Ion optical parameters and characteristics are shown in 
Figure 16. Ion beams are focused at the position P, and are 
parallel at P, in a. 
erable improvements in these new designs in terms of 
mass resolution, ion transmission, and second-order 
aberrations. The theoretical mass resolutions for the 
mass range of 0.4~~ and 1.2~~ of both the original and 
the new Mattauch-Herzog systems are compared and 
shown in Figure 19. An ion optical representation of 
this configuration given in Tables 446 (twelfth line) is 
shown in Figure 14d. The overall transfer matrix ele- 
ments for different +e are presented in Tables 4-6 
(tenth to twelfth lines). It should be noted that the 
angle of separation wf will become large if a larger E’ 
is given; however, mass resolution cannot be improved 
ESA Q-lens Magnet 
0.02 I n n I I 
Figure 18. Ion beam envelope in the vertical direction of a 
system shown in Figure 16. 
because of larger aberrations caused by the fringing 
field influence (Tables 4-6, twelfth and thirteenth 
lines). 
Discussion and Conclusions 
It is important to classify instruments into several 
groups to understand the relevant ion optical charac- 
teristics, and there are two classes that are pertinent in 
this case: 
1. Normal or inverse combination of ESA and magnet. 
To satisfy the double-focusing condition, the number 
of image points between the first and second sectors 
must be taken into consideration. An “odd” number 
of images requires a “normal” combination, and an 
“even” number (including zero) requires inverse 
geometry. Virtual images should not be counted. 
2. Parallel or nonparallel ion beam before the mag- 
net. The double-focusing conditions are classified 
according to two cases (eqs 8 and 9 or eqs 14 and 
151, depending on whether the ion beams are paral- 
lel or nonparallel before the magnetic field. 
It should be noted that the classification is dependent 
on the ion optical parameters that are most important. 
For example, in the 4, = 75” system, as shown in 
Figure 17a, there is an image formed at point P,, 
whereas the ion beam is parallel at point P,. Then, 
normal deflection must be adopted, and the exit angle 
8” is equal to #~,,,,/2 - 7r/2; the double-focusing lime is 
then straight regardless of the number of quadrupole 
lenses. The above two classifications will give us rele- 
vant hints when new ion optical designs must be 
considered. 
Table 7. Evaluation of the linearity of focal line for system No. 9 in Tables 4-6* 
Standard Second-order 
P 4 deviation coefficient 
Direction focal line 0.96572 0.00380 0.0007 1478 0.000245 
Energy focal line 0.96661 0.00263 0.00083724 O.DQO474 
aCalculations were performed with double precision. 
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Figure 19. Simulated theoretical mass resolution for different 
masses (O.l6m,, 0.36~1,. 0.64m,, mo, 1.14m,) under the same 
source slit condition of x0 = 0.0001; 01~ = 0.002; 6, = 0.002; y. = 
0.001; PO = 0.002: (a) proposed system No. 9 in Tables 4--6; (b) 
system No. 13 in Tables 4-6; Cc) system No. 12 in Tables 4-6; and 
Cd) the original MattaucbHerzog system No. 5 in Table 1. 
The systems discussed here are planned for use 
under constant-energy ion beams. Although the impor- 
tant application of the mass spectrograph is as a 
detector of collision-induced dissociation (CID) ions in 
MS/MS operation, where constant velocity, wide- 
energy-spread beam must be analyzed, the present 
systems discussed here can be used for this purpose; 
however, CID ions of wide mass range can be detected 
by using low-energy collision and postacceleration 
methods because fragment ions can attain almost equal 
energy. 
In summary: 
1. Equation 13, which may be used to determine 
the magnetic field boundary and which satisfies the 
double-focusing condition for a wide mass range, is 
derived. The relationship is based on transfer matrix 
elements and is applicable to any system. One example 
of Nier-Johnson geometry is illustrated in Figure 6. 
Although the focal plane is usually curved in these 
instances, it will be applicable if flexible position- 
sensitive detectors are developed. 
2. A new single-focusing mass spectrograph is pro- 
posed that has an intermediate image at the magnet 
boundary. The direction focal plane is straight and 
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located further from magnetic boundary than the sys- 
tem in which ion beams are parallel before the magnet. 
3. New mass spectrographs of a normal combina- 
tion are proposed that have a straight doublefocusing 
focal line away from the magnet boundary. The ion 
beam is parallel before the magnet, and the exit angle 
from the magnet &” should be equal to &,,/2 - 7r/2. 
These two characteristics are essential to realize a 
wide-range straight double-focusing line, and 13 
examples are shown. Ion optical characteristics (image 
magnification, vertical focusing, and higher order 
aberrations) are greatly improved compared with the 
Mattauch-Herzog system using the same size magnet. 
A decrease in mass resolution at lower mass ranges 
has to be soIved in future. 
4. It became clear that any ESA of different +e will 
produce almost similar ion optical characteristics if the 
image magnification TX is identical. This point is help- 
ful when systems have to be designed under restric- 
tions, such as total path length. 
5. We improved the original TRIO to TRIO- 
DRAWING, which has the capability of graphic dis 
play of the calculated results. For example, Figures 6, 
7,11,14,17, and 18 are drawn using TRIO-DRAWING. 
Visual expression of the results enables straightfor- 
ward evaluation of each ion optical system. The ray- 
tracing code ELECTRA [121 has also been developed. 
Both programs will be published elsewhere. 
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